Temperature and velocity fields in a vertical
Introduction
Mixed convection in heated channels has received attention of researchers due to its application in many practical areas such as nuclear reactors, cooling of electronic equipment, and heat exchangers. The momentum and heat transfer equations for fully developed mixed convection are different than the equations of fully developed forced convection since the fluid velocity is function of temperature. For a fixed fluid flow rate to a vertical channel, the buoyancy results in the flow reversals since fluid in the region near the hot wall receives an extra force (buoyancy force) and a reversal flow occurs in the region near the cold wall. The occurrence of flow reversals was observed by Sparrow, et al. [1] . The flow analysis of mixed convection was discussed in the work of Ostrach [2] , and Lietzke [3] . Aung and Worku [4] presented the results for fully developed mixed convection flow between in a parallel plate channel in which the net through-flow rate is constant. They found that when the wall temperatures are unequal, a reversed flow situation occurs if the magnitude of the buoyancy parameter Gr/Re exceeds a certain value. Aung and Worku [5] also studied the mixed convection in ducts with asymmetric wall heat fluxes. Their study was performed on the fully developed pure fluid channel and aiding buoyancy forces. They found that the flow reversal is more prone to occur in uniform wall heat fluxes. An analysis of mixed convective flow in a partially filled porous channel was stud-through the channel is Newtonian and incompressible. The fluid flow is laminar, fully developed, and steady. The channel walls are maintained at constant temperature of T c and T h . The channel has a rectangular cross-section with width of b. It is assumed that the plates are infinitely long in depth direction; the fluid flows in x-direction while y is perpendicular to the flow direction. The fluid properties are constant except the density in buoyancy term of the momentum equation. Viscous dissipation and radiation heat transfer are neglected and gravity acts in x-direction. The porous medium is saturated with fluid and thermal equilibrium between solid and fluid exits.
Governing equations and solutions

Velocity, temperature and pressure field
The continuity, momentum, and energy equations for clear fluid section of a fully developed mixed convection heat transfer in a vertical channel, shown in fig. 1 , under the Boussinesq's approximation can be written as:
and for porous section:
The dimensional boundary conditions for the governing equations of clear fluid defined in eqs. (1) to (3) can be expressed as:
and the dimensional boundary conditions for porous medium layer section can be given as:
-on the right side;
where T i and u i are temperature and velocity at the porous and clear fluid interface. Brinkman-Darcy equation is used to describe motion of fluid in the porous layer of the channel. A detailed discussion on the choice of the reference fluid temperature for fully-developed mixed convection in a vertical channel was done by Barletta and Zanchini [17] . They proposed that the mean fluid temperature in a cross-section as the reference fluid temperature for fully developed mixed-convection problems in the channels. Hence, the momentum and energy equations can be non-dimensionalized as:
where Gr d = gbK(T h -T c )b/n 2 which is the Darcy modified Grashof number. The Reynolds, Grashof numbers, and G are defined as:
where u 0 is inlet velocity to the channel. In the relations, following parameters are used to make the momentum and energy equations non-dimensionalized: 
The dimensionless boundary conditions for the left half of the channel can be expressed as:
and the dimensionless boundary conditions for porous medium layer section can be given as:
where U i and q i are the dimensionless velocity and temperature at the interface and x is the dimensionless porous layer thickness. The solution of dimensionless heat transfer equation with boundary conditions given in eq. (17) and (18) 
The solution of dimensionless momentum equation, eq. (11) of clear fluid layer with boundary conditions explained in eqs. (17) and (18) is:
where C 1 , C 2 , and C 3 are constants given in Appendix. The solution of dimensionless heat transfer equation with boundary conditions given in eqs. (19) and (20) for porous layer can be written as:
The velocity profile for the porous layer region can be found as:
where C 4 , and C 5 are constants given in Appendix. U i and G are needed to be found. An equation for Ui can be found by using the continuity of shear stress at the interface.
By using the compatibility relation, G can be determined as:
where C 6 to C 15 are constants given in Appendix. By using the condition of continuous heat flux at the interface, q i which is dimensionless, interface temperature can be found as:
where K is the thermal conductivity ratio (i. e., K = k f /k eff ).
Heat transfer analysis
For the channel without a porous layer, the heat flux received by the left wall depends on the fluid thermal conductivity and channel width. It can be calculated from the following relation:
For a channel with a porous layer, the heat flux received by left wall can be found from the relation:
where k eff and k f are effective thermal conductivity of the porous layer and fluid thermal conductivity. The ratio between two heat fluxes is shown by e: 
For the values of e > 1, a heat transfer enhancement exits compared to the channel with clear fluids, while for e < 1, the decrease of heat transfer rate should be expected. That is why e is called as heat transfer increment/decrement ratio, in this study [18, 19] .
Results and discussions
The dimensional forms of the governing equations, eqs. (1)- (6), are solved numerically and compared with the analytical solution of the dimensionless forms of the same governing equations Finite difference method is used to solve the motion and energy equations for clear and porous layer regions. Nodal equations are derived for all differential equations and applied to the related nodes in the computational domain. A guess value is assigned to pressure value at all nodes, then the governing equations are solved and mass flow rate is obtained, numerically. If the obtained mass flow is not identical with the initial assigned value, the pressure is changed until the identical values are obtained. A good agreement is observed if 201´201 nodes are used. The results of two different approaches (numerical solution for dimensional form and analytical solution for dimensionless form of the governing equations) are compared. Figure 2 shows a sample of comparison results for a channel with x = 0.5, Da = 10 -4 , Gr c /Re = 2000, and K = 100. As seen, a good agreement between two results is observed. downward flow occurs. By reducing of porous layer thickness from 0.85 to 0.50, the thickness of clear fluid region increases and that is why a downward flow is observed in the left region. Further increase of Gr c /Re causes the increase of buoyancy effect and then strong upward and downward flows occur. The downward flow can be clearly observed for x = 0.15. Figure 4 shows the temperature and velocity profiles in the channel with K = 100, and for three different porous layer thickness as 0.15, 0.50, and 0.85, and two different values of Our numerical observation shows that even small change of fluid flow rate in the porous layer can considerably influence total pressure drop through the channel. Figure 5(a) shows the velocity profile in the channel with x = 0.5, K =100 for three values of Gr c /Re as 1, 1000, and 2000. As it was mentioned before, a uniform temperature exits in clear fluid region and no buoyancy force exits for K = 100. By increasing of Gr c /Re number, the buoyancy forces in porous layer is enhanced and the rate of fluid in the porous increases.
Temperature and velocity profiles
As seen from fig. 5(a) , the normalized velocity in the porous region is around 0.01 for Gr c /Re = 1 and it increases to 0.1 for Gr c /Re = 2000. Hence, the pressure drop in the channel Gr c /Re = 2000 should be higher than the channel with Gr c /Re = 1. Figure 5 Results for heat transfer analysis Figure 6 shows the variation of heat transfer decrement/increment ratio with thermal conductivity ratio for different values of porous layer thickness. As seen, for the channel with clear fluid (i. e. x = 0) the value of e is 1. By increasing the porous layer thickness, the dimensionless heat transfer flux increases for the region of K < 1 while it decreases for large values of thermal conductivity ratio (i. e., K > 1). The important point of fig. 6 is that the value of varies only in a region around K = 1 and it is almost constant behind or after this region. Hence, after a certain value of thermal conductivity ratio, further increase or decrease of K does not enhance or reduce heat transfer rate. Figure 7 shows the change of dimensionless pressure drop with Gr c /Re number for two values of Darcy of 10 -3 , 10 -4 , and thermal conductivity ratios of 100 and 0.05. For the thermal conductivity ratio of K = 100 and Da =10 -3 , 10 -4 , the pressure drop increases with increase of Grc/Re since the fluid flow rate increases in the porous layer, fig. 5(a) . Moreover, the increase of Da number reduces the dimensionless pressure drop in the channel since fluid can easily flows in the porous layer. For the channel with K = 0.05, the increase of pressure drop with Gr c /Re is negligible and almost a constant pressure drop is observed in the channel for two different values of Gr c /Re. As it was mentioned before, for the channel with K = 0.05, a reverse flow prevents the increase of pressure drop along the channel. Figure 7 shows that the net pressure drop, which is the summation of pressure drop in flow direction (+x) and the pressure drop from top to bottom (-x), is highly influenced from thermal conductivity ratio.
Results for pressure drop
Conclusions
Fully developed heat and fluid flow in a vertical channel assisted with a porous layer on the right wall for mixed convection heat transfer is analyzed numerically and analytically. The numerical and analytical results are compared and good agreement between results is observed. Based on the obtained results, following remarks can be concluded. · The velocity profile is highly influenced from thermal conductivity ratio and porous layer thickness. Various velocity profiles can be observed in the channels with the same Grashof number, Darcy number and porous layer thickness but different thermal conductivity ratio. · The possibility of downward flows increases with decrease of porous layer thickness or increase of effective thermal conductivity of porous layer. 
